A nonlinear analysis tool to assess the structural safety of underground frame structures under fire loading is presented. The material and numerical model is validated by comparison of the numerical results with experimental data from large-scale fire experiments. Benchmark examples (real tunnel cross-sections) are analyzed, illustrating the advantages of the nonlinear over a linear-elastic analysis regarding an economic reinforcement design as well as the realistic prediction of the deformation behavior. Future work focuses on introduction of the realistic, nonlinear analysis tool in engineering practice as well as in design guidelines.
Introduction
Fire loading of concrete infrastructure poses a severe load case, leading to reduction of the concrete cross-section by spalling of near-surface layers as well as damage of the remaining cross section via dehydration of concrete (i.e., cement paste) and microcracking. These processes can eventually cause collapse of the load-carrying structure. When the reliability and durability of concrete infrastructure -more specifically, the condition of existing underground infrastructure -are assessed, the thermal loading in case of fire needs to be considered within the design of such structures as an accidental action. Additionally, also the interaction of structural elements and, hence, the overall performance of the support structure need to be taken into account. This assessment can then lead to identification of critical sections and structural elements as well as the design of corresponding measures of refurbishment.
2.2
The structural analysis tool The structural performance of underground frame structures subjected to fire loading can be investigated with numerical models of different levels of sophistication. The so-called equivalent temperature [3, 5] is usually employed in engineering practice, simplifying the real non-linear temperature distribution in case of fire loading and transferring it into a temperature rise T m uniform over the cross-section and a temperature gradient ∆T over the cross-section (see Fig. 1 ). This approach allows the use of beam elements for numerical simulations which are easy to handle and widespread in present design programs considering linear-elastic material behavior. This approach, however, has some drawbacks: e.g., stress redistributions cannot be considered and, hence, plastic regions cannot be detected. Additionally, the deformations obtained from linear-elastic analyses using linear temperature distributions significantly underestimate the actual extent of deformations during fire loading.
In order to perform more sophisticated numerical simulations, more realistic analysis tools are required, taking the real non-linear material behavior and effects like spalling into account. The structural analysis tool developed within the described research project is detailed described in [9, 10] and allows for consideration of nonlinear effects on the material as well as the structural level (e.g., temperature-dependent elasto-plastic behavior of concrete, spalling of near-surface concrete layers, stress/force redistribution, development of plastic regions/hinges etc.).
Before its application in engineering practice, the structural model has been validated by re-analysis of large-scale experiments on frame-like specimens (see Fig. 2 and [6, 8] for details). Therefore, four frames were built in scale 1:2 with the dimensions length/height/width = 6/3/2 m of concrete with and without polypropylene (PP-)fibers. Within the fire experiments, the specimens were mechanically-loaded to simulate an earth overburden and they were thermally loaded according to a fire curve typically for fires in underground structures (maximum temperature of 1200°C reached after 9 min.). A large amount of experimental data was collected during the fire tests, such as temperatures inside the combustion chamber as well as within the concrete specimen, deformations of the structure, evolution of spalling and cracks, and the material parameters (and their temperature-dependent evolution) of the specimens at the time of the fire experiments. Within re-analysis of the described large-scale experiments, the collected experimental data was used as input into the numerical model as well as for validation purposes. The measured temperatures within the specimens were transformed into temperature distributions over the crosssection which were then -together with the evolution of the spalling depth, leading to a reduction of the cross-sectional area -put into the model. Additionally, the material parameters (such as Young's modulus and strength of concrete) at the time of testing were also used as input into the model. With all these input data based on experimental results, uncertainties in connection with these parameters could be eliminated and the numerical model used within the simulation remained the only parameter affecting the numerical results. The obtained simulation results, i.e. the obtained deformation patterns, originating from different analysis modes were then compared with the experimentally-obtained deflections and rotations.
Fig. 1: Illustration of non-linear temperature distribution transferred into equivalent
temperature by means of clamped-beam model [3, 5] (a)
Comparison of the numerical results from different simulation approaches considering various material and structural models with different levels of complexity (i.e. linear-elastic vs. nonlinear model, see [5, 9] for details) highlights the improved ability of the developed nonlinear analysis tool to realistically assess the safety of underground infrastructure under fire loading (see Figs. 3 and 4) . The linear-elastic analysis (Fig. 3) is not at all able to cover the experimentally-obtained deformations because -per definition -no plastic deformations can be considered in a linear-elastic analysis. Since highly nonlinear processes take place in structures under fire loading, a linear-elastic analysis is not the adequate model to simulate the deformation behavior of fire-loaded structures.
The non-linear analysis on the other hand (Fig. 4) gives results with satisfactory agreement with the experimental data. Even the bulge in longitudinal direction (i.e. the difference in displacement between symmetry plane and side face of the frame) caused by Eigenstrains in this direction is captured satisfactorily by the nonlinear analysis. This leads to the conclusion that the consideration of nonlinear effects (such as plastic deformations) is crucial for obtaining realistic predictions of the structural behavior of fire-loaded structures.
(a) (b) [6, 8] Fig. 1 [3] with experimental displacement results (see [9] for details)
Fig. 3: Comparison of numerically-obtained deformations using a linear-elastic analysis according to
2.3 Application After validation, the structural analysis tool has been implemented into commercial software packages. In this way, the developed nonlinear model is available to engineers for realistically predicting the structural performance of infrastructure when subjected to fire loading (i.e. the consideration of stress and force redistribution as well as the realistic prediction of the magnitude of deformations). In order to illustrate the improvements the nonlinear analysis tool brings in engineering practice, benchmark examples were analyzed. Hereby, real tunnel geometries (i.e. circular, arched and rectangular cross-sections) together with the mechanical loading typical for shallow tunnels were considered (see [5] for details). Fig. 5 illustrates the improvements a nonlinear analysis can bring in tunnel design. Before fire loading (t = 0 min), the two analysis models give very similar bending-moment distributions (therefore only one thin solid line is represented in Fig. 5 ). This is not at all the case under fire loading. The linear-elastic analysis (thick solid line in Fig 5) does not allow stress/force redistributions in consequence of plastic deformations, leading to a large increase of negative bending moments caused by the thermal restraint introduced into the structure by the thermal loading. In the top corner, the moment even exceeds the plastic moment calculated for t = 180 min with the reinforcement layout chosen based on the ultimate limit state (ULS) before fire loading. In the design process, this would lead to additional reinforcement (approximately 11 %) necessary in the top corner to assure 180 min fire resistance for the analyzed tunnel. When applying a nonlinear analysis, the necessity of additional reinforcement is not predicted (see dashed line in Fig. 5 ). Since in the nonlinear model the bending moments are limited with the respective plastic moment in every point of the cross-section, force redistributions take place when the plastic moment is reached in a specific point. This is the case in the underlying benchmark example in the top corner, causing plastic deformations until equilibrium is reached in the analysis. Since equilibrium is reached in the presented analysis for t = 180 min, it can be concluded that no additional reinforcement over the chosen reinforcement layout (ULS before fire loading) is necessary to assure 180 min fire resistance for the analyzed tunnel. That means that the 11 % additional reinforcement predicted by the linearelastic analysis can be saved when a nonlinear analysis is used in during the design of the analyzed tunnel. It is worth mentioning in addition, that also the deformations predicted by a nonlinear analysis a far more realistic than in the linear-elastic analysis.
Fig. 4: Comparison of numerically-obtained deformations using a nonlinear analysis
according to [9, 10] with experimental displacement results (see [9] for details)
3.

Conclusions and outlook
When predicting the structural behavior of underground frame structures under fire loading, a linear-elastic analysis soon reaches its limitations. Therefore, a holistic approach was followed within the Austrian research project "Safety of underground structures under fire loading", taking into account all essential interdependencies. This approach led to development of a nonlinear finiteelement simulation tool for the analysis of underground structures subjected to fire loading. Reanalysis of large-scale fire experiments allowed validation of the developed simulation tool. Implementation of the nonlinear numerical model in commercial structural analysis software packages allowed the introduction of this realistic analysis approach in engineering practice. Analysis of benchmark examples illustrated the improved abilities of the nonlinear analysis over the linear-elastic analysis regarding the reinforcement layout and the predicted deformations. It was shown that the use of the nonlinear analysis tool leads to an optimized and, hence, economic tunnel design. Currently, the results and conclusions of the performed structural analyses are incorporated in the design of an Austrian guideline [4] , giving recommendations on the choice of the material and numerical model for analyzing underground structures under fire loading. Hereby, the choice of the optimal analysis tool (linear-elastic or nonlinear) is connected to the cross-sectional shape (circular, arched, rectangular etc.) as well as the duration of the fire and, hence, the required safety level (with the latter depending on the importance of the structure, i.e. the equivalence to the consequence class defined in the Eurocode). The main goal of these recommendations is to assure economic tunnel designs under reasonable computational costs as well as a realistic prediction of the deformation behavior of underground frame structures under fire loading. [3] , EP…nonlinear analysis according to [9, 10] )
Within current research activities, the mentioned structural analysis tool is extended and applied towards the assessment of existing underground structures. The main focus lies on (i) spalling of concrete tunnels made of concrete without PP-fibers and the effect of spalling on the load-carrying capacity and serviceability of these structures as well as (ii) assessment of the structural safety of bridges in case of fire loading (via assessing the performance of their structural elements, e.g. elastomer bearings). In order to enable the numerical model to analyze these situations, (i) the coupled thermo-hydro-chemo-mechanical load condition which leads to spalling as well as (ii) the deformation behavior of thermally-loaded elastomer bearings are implemented into the code.
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